[1] Paleomagnetic studies of the 91 Ma Ecstall pluton and other Cretaceous plutons of British Columbia imply large northward tectonic movements (>2000 km) may have occurred during the tectonic evolution of western North America. However, more recent studies have shown that the eastern edge of the Ecstall pluton experienced considerable mineralogical changes as younger Eocene plutons, such as the ∼58 Ma Quottoon Pluton, were emplaced along its margins. We investigated changes in the rock magnetic properties associated with this reheating event by examining isolated grains of intergrown ilmenite and hematite, the primary paleomagnetic recorder in the Ecstall pluton. Measurements of hysteresis properties, low-temperature remanence, and room temperature isothermal remanent magnetization acquisition and observations from magnetic force microscopy and off-axis electron holography indicate that samples fall into three groups. The groups are defined by the presence of mineral microstructures that are related to distance from the Quotoon plutonic complex. The two groups closest to the Quottoon Pluton contain magnetite within hematite and ilmenite lamellae. Reheating of the Ecstall pluton led to an increase in coercivity and magnetization, as well as to development of mixed phase hysteresis. These results indicate that shallow paleomagnetic directions from the western Ecstall pluton are not affected by reheating and are therefore likely to record original field conditions at the time of pluton emplacement. In the absence of structural deformation, these shallow inclinations are consistent with large-scale northward translation suggested by the Baja-British Columbia hypothesis.
Introduction
[2] Shallow paleomagnetic inclinations from westernmost British Columbia (BC) have generated much debate about the degree of tectonic plate motion along the western edge of the North American craton [Umhoefer, 1987; Wynne et al., 1995; Cowan et al., 1997; Enkin et al., 2003] . Variations in paleomagnetic inclinations across the ∼91 Ma Ecstall pluton near Prince Rupert, BC have only added to the debate [Butler et al., 2002; Hollister et al., 2004; Beck and Housen, 2005] . Inclinations from the Ecstall pluton's western margin are shallow, which indicates that the magnetic remanence was acquired at low latitudes. Proponents of the Baja-BC hypothesis would cite these shallow inclinations as further evidence for large northward translation (>2000 km) of allochthonous terranes. By contrast, inclinations from the Ecstall pluton's eastern margin are steeper and match those observed in plutons emplaced during the Eocene as part of the Coast Mountains Batholith (CMB), which is located immediately east of the Ecstall pluton ( Figure 1 ) [Butler et al., 2002] . These measurements have been interpreted as evidence for substantially reduced northward translation of the Ecstall pluton (<100 km) [Butler et al., 2002] . Determining the cause of the difference in paleomagnetic inclination between the western and eastern margins of the Ecstall pluton is an essential step in refining the tectonic history of western North America.
[3] Hollister et al. [2004] proposed that paleomagnetic recording in the eastern portion of the Ecstall pluton was thermally reset during emplacement and uplift of the nearby ∼58 Ma Quotoon pluton, the nearest member of the CMB. The thermal overprint of the Quottoon Pluton on the Ecstall and other preexisting plutons is manifest in detailed 40 Ar/ 39 Ar studies that reveal partial to complete degassing of argon from biotite and hornblende near the contact . In a microscopy study of the oxide mineralogy in the Ecstall pluton, found that hematite-ilmenite samples closer than ∼14 km to the Quottoon Pluton contain magnetite precipitates (20-50 nm) within the hematite lamellae. The origin of this magnetite is thought to be related to changes in temperature and oxygen fugacity associated with reheating of the Ecstall pluton. The presence of this magnetite should exert a profound influence on the magnetic properties of the reheated portion of the pluton. [4] In this study, we examine the magnetic properties of single crystals of ilmenite-hematite collected along a transect across the full width of the Ecstall pluton. The Fe-Ti oxides in this study are known to contain a range of complex mineral microstructures and we use a combination of geophysical and microscopic techniques to try to link magnetic behaviors to specific microstructures. By understanding how the rock magnetic properties vary across the Ecstall pluton, especially in relation to the thermal boundary associated with the Quottoon Pluton, we hope to shed light on the inclination change across this tectonically important pluton.
Methods
[5] Samples are from the same Skeena River transect described by (Figure 1 ). Whole rock samples were crushed and sieved and a magnetic fraction was extracted using a Frantz magnetic separator. Single Fe-Ti oxide grains were picked from the 425-800 mm size fraction. Care was taken to select only those grains with a minimal amount of adhered silicate.
Rock Magnetic Measurements
2.1.1. Hysteresis [6] Hysteresis loops were measured for at least three single Fe-Ti oxide grains from each sample, and when possible, each grain was measured in three orthogonal orientations. Hysteresis loops were collected using a Princeton Measurements Corporation alternating gradient magnetometer (AGM) at the Institute for Rock Magnetism at the University of Minnesota. First-order reversal curves (FORCs) were measured to determine the distribution of coercivities and magnetic interactions within each oxide grain [Pike and Fernandez, 1999; Roberts et al., 2000] . FORC data was processed and analyzed using the FORCinel software [Harrison and Feinberg, 2008] .
Low-Temperature Remanence Versus Temperature
[7] The low-temperature remanence of single Fe-Ti oxide grains was measured using a Quantum Design magnetic properties measurement system (MPMS)
at the Institute for Rock Magnetism. Two styles of low-temperature remanence experiments were conducted. In the first, a room temperature-saturation isothermal remanent magnetization (RT-SIRM) was imparted using a 5 T field. The remanence of the sample was measured as temperature was cycled in 5 K steps to 10 K and then back to room temperature. The second style of experiment involved measurement of a 5 T SIRM imparted at 10 K after samples were cooled in either a 5 T field (field cooled; FC) or after zero-field cooling (ZFC). ZFC and FC remanence curves were measured during warming in 5 K steps from 10 K to room temperature. The lowtemperature remanence of at least four single Fe-Ti oxide grains was measured for each group.
Room Temperature Isothermal Remanent Magnetization Acquisition
[8] Isothermal remanent magnetization (IRM) acquisition experiments were conducted at the Berkeley Geochronology Center using an ASC Scientific model IM-10-30 impulse magnetizer with a 5.1 cm diameter coil and a maximum applied field of 1.2 T.
Remanence was measured using a 2G Enterprises Figure 1 . Generalized geologic map of the northern part of the Ecstall pluton from . Sample locations for single grain rock magnetic experiments in this study are indicated by colored symbols. Geologic relations are after Hutchison [1982] , and structures are after Butler et al. [2002] and Crawford et al. [1987] .
755R cryogenic magnetometer. To minimize the starting remanence, each grain was first demagnetized along three orthogonal axes using alternating fields up to 150 mT. Grains were then given a 1.2 T IRM and their remanence was measured in a stepwise fashion as progressively larger impulse fields were applied in an antipodal direction. At least four grains were measured from each group using ∼40-60 steps. IRM acquisition curves were deconvolved into separate coercivity components using IRMunmixV2.2 by Heslop et al. [2002] . For consistency, all grains were modeled with four components using a spline fit with no smoothing, and no cropping, except for four grains that were cropped at the first point (i.e., all points except the first were used in the model fits).
Magnetic Imaging
[9] Images of magnetic domains within the ilmenitehematite grains were collected at the Institute for Rock Magnetism using a Digital Instruments Nanoscope III magnetic force microscope (MFM). The MFM technique images stray magnetic fields that are perpendicular to a polished surface [Martin and Wickramasinghe, 1987] . Grains were mounted in epoxy and were polished to a 25 nm smoothness using colloidal silica. Additionally, Fe-Ti oxide grains in polished thin sections were imaged using a Digital Instruments Demension 3000.
[10] A complementary magnetic imaging technique, off-axis electron holography in a transmission electron microscope (TEM) was used at the University of Cambridge to study magnetic structures in the samples using the approach described by Harrison et al. [2002] . This technique allows the in-plane magnetic induction in minerals to be imaged quantitatively at the nanometer scale [Feinberg et al., 2006; Kasama et al., 2006; Kasama et al., 2010] . Representative regions within oxide grains were transferred from thin sections onto TEM specimen Cu grids and were thinned to electron transparency by Ar ion milling. Each TEM specimen was coated with a thin layer of carbon to prevent charging. TEM observations were carried out at 300 kV using a Philips CM300-ST TEM equipped with a field emission gun, a Lorentz lens, an electrostatic biprism and a Gatan imaging filter. Digital acquisition and analysis of the electron holograms allowed the magnetic signal of primary interest to be separated from unwanted contributions to the contrast and mean inner potential from variations in specimen thickness [Dunin-Borkowski et al., 2004] . Energy-selected imaging [Egerton, 1996; Golla and Putnis, 2001 ] was used to measure the compositions of the Fe-Ti oxide minerals present in each single crystal. Selected-area electron diffraction and dark field imaging were used to identify mineral phases and to investigate the distribution of mineral phases, respectively.
Results
[11] We discuss the magnetic properties of Fe-Ti oxides within the Ecstall pluton in terms of three groups that are related to the presence of specific internal microstructures (Table 1) . Group 1 consists of samples that are >14 km from the thermal boundary at the Quottoon Plutonic complex (Figure 1 ). Group 1 oxides are finely exsolved grains of hematite and ilmenite with a limited range of microstructures. Ilmenite lamellae occur within hematite hosts, and lamella thicknesses are consistent between grains . Groups 2 and 3 consist of samples that are <14 km from the Quottoon Plutonic complex (Figure 1) , and have been affected by reheating. In addition to the features described for group 1, both groups 2 and 3 contain magnetite within the hematite-ilmenite grains. Group 3 is distinguished from group 2 by the presence of a rutile blitz texture, which occurs in samples located <8 km from the Quottoon Plutonic complex.
3.1. Rock Magnetic Measurements 3.1.1. Hysteresis [12] Due to the high coercivity of hematite, hysteresis experiments did not reach saturation for any sample (maximum field 1.8 T). Slope corrections were made using data collected at fields <1 T. To allow straightforward visual comparison between different samples, hysteresis loops were normalized to the magnetization at 1 T. There is a tendency for the loops not to close perfectly, which is a consequence of not reaching saturation.
[13] Hysteresis loops from group 1 are typical of hematite with coercivities >100mT [Peters and Thompson, 1998] (Figure 2a ). The loops are relatively square with high M r /M s ratios, and have coercivities that range from ∼150 to 250 mT. FORC diagrams from group 1 have coercivity distributions centered at ∼150-200 mT, consistent with hematite ( Figure 3a) . The peak in the coercivity distribution is offset to negative H u space, and is slightly curvilinear with a longer tail that extends to higher coercivities with more negative interactions. This type of distribution has been previously documented in natural hematite [Muxworthy et al., 2005] , but not 
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[14] Hysteresis loops from group 2 all have some degree of wasp-waistedness (Figure 2b ), which can be interpreted as an indication of a mixture of two magnetic phases, in this instance, hematite and magnetite [Roberts et al., 1995; Tauxe et al., 1996] . There is significant variability in the degree of waspwaistedness, which indicates heterogeneous proportions of magnetite in the different grains. Apparent coercivities range from 5 to 300 mT. FORC diagrams from group 2 have two coercivity peaks (Figure 3b ), which correspond to hematite and magnetite. The magnetite peak is centered between 5 and 15 mT on the H c axis, while the hematite peak is centered between 250 and 300 mT. The hematite peak from group 2 is again offset in the negative H u direction as is the case for group 1 samples, although this offset appears to be slightly larger, and the mean FORC distribution is less kidney shaped.
[15] Group 3 hysteresis loops are also variable ( Figure 2c ). As is the case for group 2 samples, many have varying degrees of wasp-waistedness, but some hysteresis loops have no sign of magnetite. These single phase loops have the highest coercivities, ∼350 to 400 mT. In FORC diagrams from single phase grains, the coercivity peak is again kidney shaped ( Figure 3c ), and is offset in the negative H u direction. The negative offset is the largest in these grains, and the coercivity peak is wider and more flat than curvilinear.
Low-Temperature Remanence Versus Temperature
[16] Low-temperature remanence experiments for group 1 samples are not highly variable when normalized to the maximum remanence measured, which for all grains occurs at ∼10 K in the FC experiments ( Figure 4 ). Room temperature remanence is always between ∼0.7 and ∼0.85 of the SIRM at 10 K, and decreases upon cooling ( Figure 4c ). There is no definitive Morin transition in any of the group 1 samples, which is consistent with hematite containing significant Ti [Ericsson et al., 1986] . There is a slight increase in remanence upon warming near 250 K, and then an equivalent decrease just above 250 K in a few samples. This bump only occurs upon warming, and only after cooling at least below 200 K. A similar bump is observed in one sample from Dang et al.
[1998] that does not have a Morin transition, but its meaning is not discussed. This bump is most clearly seen in the FC and ZFC experiments. Additionally, the FC and ZFC results all indicate a strong remanence that is unblocked by ∼40 K, which we attribute to magnetic relaxation in ilmenite [e.g., Burton et al., 2008; Dillon and Franke, 2009] .
[17] Low-temperature remanence experiments from group 2 samples have significant variability (Figure 4 ). Again the maximum remanence is found at ∼10 K in the FC experiments. Room temperature remanence ranges from ∼0.1 to ∼0.45 of the maxi- mum, and is significantly lower than for group 1 samples. One grain exhibits the same behavior near 250 K as in the few grains from group 1 samples. Many grains have an unambiguous Verwey transition at ∼110-120 K, which is attributed to the presence of magnetite [Özdemir et al., 1993] . The range in observed Verwey transition temperatures indicates some degree of nonstoichiometry [Özdemir et al, 1993] . Group 2 grains also have a strong remanence associated with ilmenite that is unblocked by ∼40 K.
[18] Low-temperature remanence experiments from group 3 samples have variability similar to group 2 samples (Figure 4 ). Maximum remanence occurs at ∼10 K in the FC experiments. Room temperature remanences range from ∼0.47 to ∼0.85 of the maximum, which encompasses the range exhibited by group 1 samples, and is higher than that found in group 2 samples. Remanence perturbations are observed near 250 K, as seen in both group 1 and 2 samples. Many grains have a Verwey transition at ∼120 K, which is attributed to varying amounts of stoichiometric magnetite. Remanence associated with ilmenite (unblocked by ∼40 K) is less significant than in group 2 samples. (Figure 5a ). Less than 10% of the total IRM is acquired at fields below ∼100 mT, after which remanence is acquired rapidly at 200 to 300 mT. Saturation is not achieved at 1200 mT, the maximum field that could be applied with our instrumentation. For consistency, all IRM acquisition curves are modeled using a total of four phases. IRM acquisition curves from group 1 samples are modeled well with up to four high-coercivity phases, which possibly reflect different hematite domain sizes. Four grains have a minimal (<6%) contribution from a low-coercivity phase consistent with magnetite (Table 2 and Figure 5 ).
[20] Group 2 IRM acquisition curves are suggestive of the presence of two magnetic phases, hematite and magnetite ( Figure 5 ). Up to 90% of the IRM is acquired below 100 mT, which indicates a strong but varying contribution from magnetite. Saturation is not achieved at 1200 mT. IRM component fitting indicates the presence of two (in one instance three) low-coercivity phases, which are equivalent to Figure 5 . (a) IRM acquisition measurements (symbols) are fit by models (solid lines) with four components. Group 1 (blue squares) is dominated by phases with high coercivity, and groups 2 (green triangles) and 3 (red circles) have variable contributions from lower-coercivity phases that are consistent with magnetite. Saturation is not reached, therefore IRM curves are normalized to the remanence at 1.2 T (maximum applied field). (b) The percentage of the total IRM acquired below 50 mT is highest in group 2 samples. (c) The probability distribution curves for the models indicate that group 2 samples contain more low-coercivity components (magnetite) than group 3 samples and that there is a progression toward higher coercivities in group 3. Thin lines are models for each grain, and thick lines are the average of all grains for each group.
magnetite, and two (in one instance one) highcoercivity phases, which are equivalent to hematite (Table 2 and Figure 5 ).
[21] Group 3 IRM acquisition curves are also indicative of two magnetic phases, hematite and magnetite. In the four grains analyzed, up to 22% of the IRM was acquired below 100 mT. Saturation is not achieved at 1200 mT. Models of IRM acquisition include one (or two) low-coercivity phases that are consistent with the presence of magnetite, and three (or two) high-coercivity phases that are consistent with hematite (Table 2 and Figure 5 ). The high-coercivity phases in the group 3 samples have higher coercivities than those in group 1 and similar to slightly higher coercivities than the group 2 samples ( Figure 5 ). Lamellae edges sometimes have weak magnetic signals, but these are not reproduced when the sample is rescanned after a 90°rotation, which indicates a strong topographic influence on the magnetic signal. There is, however, an observable magnetic signal in areas of altered ilmenite ( Figure 6 ). Altered ilmenite is observed in samples from all three groups, but is very rare in group 1, which prevented us from analyzing this texture in any group 1 sample.
Magnetic Imaging
[23] Altered zones of ilmenite in samples from both groups 2 and 3 can be distinguished from unaltered ilmenite by their higher topography, and hence brighter appearance in AFM images. There are two variations in the appearance of altered ilmenite.
[24] Type 1 alteration occurs as patches of bright (higher topography) and dark (lower topography) regions (Figures 6a and 6b) . The darker regions are indistinguishable in height from unaltered ilmenite. The darker regions have a strong magnetic signal.
The magnetic signal appears to be due to randomly oriented dipoles, which we attribute to magnetite (Figures 6c and 6d) . The magnetic particles are too small to be resolved in the MFM images. In a few cases, magnetite appears to have formed around a Figure 6 . Atomic force microscopy and magnetic force microscopy (AFM and MFM) images of the two types of ilmenite alteration from sample Sk-3 in group 2. (a and b) AFM topographic images of type 1 ilmenite alteration (see text for descriptions of type 1 and type 2 alteration). Brighter grays correspond to higher topography. The square in Figure 6a phase with a morphology similar to a kinked rutile needle (Figure 7 ).
[25] Type 2 alteration is similar to type 1, but the darker regions no longer have the same height as unaltered ilmenite. All of the alteration products have higher topography, and patches, although still visible, are much less obvious. Little magnetic signal originates from these alteration regions, although they do appear to be slightly more magnetic than the unaltered ilmenite (Figure 6 ).
Off-Axis Electron Holography
[26] Off-axis electron holography investigation of one Fe-Ti oxide grain from sample Sk-3 (group 2), which includes magnetite precipitates, revealed that there was a measurable, thermally stable magnetic signal from the hematite regions that contain a significant amount of magnetite. The holograms were acquired in zero applied field, and are therefore a measure of remanence magnetization. The area investigated by holography was altered hematite, whereas the region investigated using MFM was altered ilmenite. In this region, lamellar magnetism at the interface between ilmenite and hematite, as proposed by Robinson et al. [2002] , is unlikely because most of the hematite host is altered to magnetite. Even if lamellar magnetizations exist at the interfaces, the magnetization would be about 25 times weaker than the measured magnetizations, according to calculations based on the work by Kasama et al. [2009] . Therefore, although we cannot exclude the possible presence of lamellar magnetism, the measured magnetic signal is mostly due to magnetite. When magnetic induction contours are viewed over dark field images that highlight the magnetite precipitates, there is a correlation between areas with strong magnetic signal and magnetite precipitates (Figure 8 ). However, because the magnetite precipitates are randomly oriented, they are not all apparent in a single dark field image. The three areas containing h111i and h220i crystallographic reflections in the electron diffraction pattern have been used to generate a combined dark field image in Figure 8c to highlight as many magnetite precipitates as possible. It is possible that not all of the magnetite precipitates have been imaged, and a small degree of mismatch may be expected between the holograms and dark field images owing to the lack of clear features to match. Regardless, correlation between the strong magnetic signal and magnetite precipitates is more clearly visible using the combined dark field image. Some of the highlighted particles may be associated with altered hematite or unknown iron minerals, although many particles are magnetite. Some magnetite crystals do not have strong magnetic signals, which might be related to the crystals being oriented such that they have significant out-of-plane components of magnetization, or complicated magnetic coupling through the specimen thickness or unknown nonmagnetic phases. Regions with strong magnetic signals that are not highlighted could be due to magnetite crystals that are oriented such that they are not highlighted in the dark field images.
Discussion
[27] Rock magnetic properties of single Fe-Ti oxide grains from the Ecstall pluton correlate well with the microstructural properties and proximity to the thermal boundary associated with the Quotoon plutonic complex. The magnetic properties of grains from group 1, which are furthest from the thermal boundary and unaffected by reheating, are dominated by hematite. There is some rock magnetic variability within group 1, but much less than that observed in either groups 2 or 3. This is consistent with observations from optical microscopy, SEM, and TEM of Fe-Ti oxides from this part of the Ecstall pluton, which indicate that the grains are primarily hematite with fine-scale ilmenite lamellae and little variation in appearance among grains . In summary, the magnetic properties of the unheated part of Ecstall pluton are relatively homogeneous. [28] In contrast, grains from groups 2 and 3, which are closer to the thermal boundary and hence more affected by reheating, have significant variations in rock magnetic properties that relate to varying abundances of magnetite and ilmenite. The relative contribution of ilmenite can be seen in the lowtemperature remanence experiments. Ilmenite with some Fe +3 enters a spin glass state below about 40 K, which allows it to acquire a strong remanence when cooled below this temperature in a 5 T field [Burton et al., 2008] . For all grains from groups 2 and 3, the strongest remanence is observed at ∼10 K in FC experiments. The relative difference between the room temperature remanence held by hematite and magnetite, and the remanence at ∼10 K held mostly by ilmenite and magnetite, is an indication of the relative amounts of hematite and ilmenite. The relative contribution from magnetite at low temperatures can be inferred from the remanence below the Verwey transition and above 40 K. Samples from group 2 have room temperature remanence between 10 and 50% of the remanence at ∼10 K, which indicates a high contribution from ilmenite and/or magnetite. Observations from optical microscopy and SEM analyses indicate that Fe-Ti oxides from groups 2 and 3 have more ilmenite than those in group 1 . The room temperature remanence of group 3 samples is between 50 and 80% of the remanence at 10 K. The contribution from ilmenite appears to be slightly less in group 3 than in group 2, but slightly more than in group 1.
[29] Using a few simplifying assumptions, the relative contributions of each phase to the lowtemperature remanence in the FC experiment can be deconvolved, and are plotted as a ternary diagram in Figure 9 . The assumptions are as follows: (1) the remanence at 10 K is from all three phases, hematite + ilmenite + magnetite; (2) the remanence below the Verwey transition and above 40 K (from ∼50 to 100 K) is from magnetite + hematite; and (3) the room temperature remanence after warming is from hematite. While this is an oversimplification, the assumptions produce results consistent with observations from microscopy and IRM acquisition experiments. Namely, group 1 grains are dominantly hematite with ilmenite lamellae; groups 2 and 3 have greater contributions from magnetite and are pulled toward the magnetite end of the ternary diagram; and group 2 has on average more magnetite than group 3, and generally more ilmenite than hematite. Group 3 populates the ternary space between groups 1 and 2, and has hematite-ilmenite-magnetite compositions that could be formed by oxidizing the magnetite in group 2 samples back to hematite.
[30] Group 3 is distinguished from group 2 by the presence of rutile blitz texture. Although rutile is diamagnetic and is therefore not expected to affect hysteresis parameters, there are systematic differences between the two groups. Group 3 has higher average coercivities and reduced concentrations of magnetite. The higher coercivities may be caused by two distinct processes. The first involves further fine-scale exsolution of ilmenite and hematite. These Fe-Ti oxides grains experienced reheating above the miscibility gap of ilmenite-hematite (∼390°C [Ghiorso and Evans, 2008] ), which allows for further exsolution upon cooling. The presence of more fine-scale lamellae will lead to higher coercivities due to the effect of lamellar magnetism [Robinson et al., 2006] . The second process responsible for higher coercivity is exsolution of hematite from rutile. Fine hematite precipitates are seen in TEM images of the large rutile needles that make up the blitz textures within these grains . While the magnetic properties of rutile with fine hematite precipitates have not been studied in detail, high coercivity may be expected due to the small size and high shape anisotropy of the hematite precipitates.
[31] Both groups 2 and 3 contain magnetite that formed during reheating of the Ecstall pluton. On average, grains within group 3 contain less magnetite per unit volume than those within group 2. The occurrence of magnetite and hematite together in the same mineral grain produces hysteresis loops with a certain degree of wasp-waistedness, the degree of which is proportional to the concentration of magnetite [Roberts et al., 1995; Tauxe et al., 1996] . Magnetite forms as a product of two separate processes within these grains: (1) reduction of hematite and (2) alteration of ilmenite as seen in MFM imaging. Evidence for hematite transformation to magnetite via reduction is presented in the work by , and it is argued that hematite was subjected to a T-fO 2 environment within the magnetite stability field during rapid reheating by the Quotoon Plutonic Complex. As the reheated portion of the Ecstall pluton cooled, T-fO 2 conditions returned to the hematite stability field, whereupon a fraction of the newly produced magnetite was oxidized back to hematite. Portions of the Ecstall pluton closest to the Quotoon Pluton would have cooled more slowly, thereby allowing a larger fraction of the magnetite to be oxidized back to hematite.
[32] MFM observations of magnetite within zones of ilmenite alteration are more problematic to explain. Ilmenite alteration is typically associated with oxidation, and while laboratory studies of ilmenite oxidation have revealed numerous reactions involving a complex variety of stable and metastable phases (hematite, rutile, pseudobrookite, brookite, and anatase), none of these reactions predict the occurrence of magnetite [Frost et al., 1986; Briggs and Sacco, 1993] . However, laboratoryinduced reduction of ilmenite commonly produces metallic iron and reduced oxides in the form of Ti n O 2n-1 and (Fe,Ti) 3 O 5 [Grey et al., 1973; Gupta et al., 1987] . Generation of hematite in strongly oxidizing environments and metallic iron in strongly Figure 9 . Ternary plot of the hematite-ilmenite-magnetite composition of oxide grains based on assumptions and fieldcooled remanence experiments. Group 1 (blue squares) has the least variability and is dominated by hematite. Groups 2 (green triangles) and 3 (red circles) have greater variability, with more magnetite than group 1. Group 2 has the most magnetite and ilmenite. Arrows indicate trajectories that the composition would follow for each reaction. Assumptions: normalized magnetization, M N (300 K) = hematite; M N (50-100 K) = hematite + magnetite (if M N (50-100 K) < M N (300 K) then zero contribution from magnetite is assumed); and M N (10 K) = hematite + magnetite + ilmenite.
reducing environments suggests that a range of iron oxide compositions may be produced during ilmenite alteration. Given that T-fO 2 conditions within the Ecstall pluton were reducing enough to be amenable to magnetite formation via hematite, it seems feasible that portions of ilmenite have also been transformed (directly or indirectly) into magnetite.
[33] Magnetite grains within zones of ilmenite alteration appear to be situated around the edges of a second nonmagnetic phase, which in some instances has a morphology similar to that of a kinked rutile needle, such as would be observed in blitz textures. Rutile is a common product of ilmenite alteration [Frost et al., 1986] .
[34] The amount of hematite relative to ilmenite varies between grains, as can be seen in light microscope and SEM images . The ilmenite alteration is heterogeneous, even within grains , and furthermore, not all ilmenite alteration produces magnetite. Since both sources of magnetite are expected to vary between grains, it is not surprising that the magnetic properties associated with magnetite have the same degree of variability.
[35] Finally, fluids may have played an important role in both oxidation and reduction in these oxide grains. Although there is no obvious evidence of fluid interaction within the grains (i.e., alteration associated with cracks), we cannot discount the possibility that fluids may have influenced the final magnetic mineral assemblage. A study specifically aimed at the role of fluids in formation of the Fe-Ti oxides of the Ecstall pluton may look at the oxygen isotope composition of Fe-Ti oxides in relation to distance from the Quottoon Pluton. It would also be interesting to compare the isotopic composition of rutile in the Fe-Ti oxides of group 2 samples, which do not have blitz texture, with the rutile that makes up the blitz texture in group 3 samples.
Conclusions
[36] Rock magnetic properties of single crystals of ilmenite-hematite from the Ecstall pluton can be divided into three groups that correspond to microstructures documented by . The groups vary with distance from the Quottoon Plutonic Complex, which was responsible for reheating the locations from which samples from both groups 2 and 3 were recovered. The spatial distribution of groupings reveals two important things. First, magnetic properties of grains from group 1, >14 km from the Quottoon Pluton, are different than those from groups 2 or 3 which suggests that reheating has affected the magnetic properties of the Fe-Ti oxides in groups 2 and 3. Second, the magnetic properties that distinguish groups 2 and 3 reflect changes in mineral microstructures, which in turn are related by their distance from the thermal boundary.
[37] The occurrence of magnetite in both group 2 and 3 grains has a profound effect on the magnetic properties of these Fe-Ti oxides. Magnetite exists in two places within these grains, as a product of hematite reduction , and a product of ilmenite alteration. The suite of rock magnetic experiments reported here is unable to distinguish between the two types of magnetite, although a more detailed examination of the coercivity distributions within these grains may allow this level of differentiation in the future.
[38] The results from this study indicate that the shallow paleomagnetic inclinations in the western part of the Ecstall pluton should record a magnetization related to the original emplacement of the Ecstall pluton. In the absence of postmagnetization deformation, these shallow inclinations are consistent with the most extreme estimates of northward translation associated with the Baja-BC hypothesis. 40 Ar/ 39 Ar geochronology and thermal modeling suggest that the Ecstall pluton experienced northeast up tilting as well as reheating . Correcting the paleomagnetic directions in the western part of the Ecstall pluton for tilting in this sense will increase the inclinations, and decrease the suggested translations. If the postmagnetization deformation history of the Ecstall pluton, and other deeply seated plutons in western BC, can be better constrained, then more reliable estimates of paleolatitude may be obtained. In addition to deformation, future paleomagnetic studies in this area must consider the effects of secondary reheating on microstructures of magnetic minerals, which also affects the paleomagnetic directions recorded in these rocks.
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